Linear alkyl ethoxylates (polyethylene glycol alkyl ethers) were fermented completely to methane and CO2 in enrichment cultures inoculated with anoxic sewage sludge. Long-chain fatty acids were released as intermediates. No degradation was found with polypropylene glycol and polypropylene glycol-containing surfactants. Two types of primary ethoxylate-degrading bacteria were isolated and characterized. Both degraded polyethylene glycols with molecular weights of 1,000 completely. Strain KoB35 fermented polyethylene glycol, ethoxyethanol, and lactate to acetate and propionate and was assigned to the described species Pelobacterpropionicus. Strain KoB58 converted polyethylene glycol and many other substrates to acetate only and was assigned to the genus Acetobacterium. The pathways of anaerobic degradation of nonionic surfactants are discussed with respect to their limitations and the various groups of bacteria involved.
Nonionic surfactants (detergents) are being used in increasing amounts as components of cleansing agents. Since their effectiveness is not impaired by water hardness and their foaming capacity can be adjusted very accurately, they are preferred over anionic surfactants for industrial and domestic use (4, 6) . The most important group of nonionic detergents is represented by the linear alkyl ethoxylates (LAE). Widespread use of these substances increases their importance as environmental pollutants. In the past, experimental studies mainly tried to assess aerobic biodegradability of nonionic surfactants (for reviews, see references 8, 21, 32, and 39). It was proven that LAE are completely degradable under these conditions. In contrast, other nonionic surfactants such as linear alkyl phenolethoxylates are only incompletely degraded, and persistent toxic degradation products, e.g., alkyl phenols, accumulate (15, 33) .
During aerobic biodegradation of LAE, the surfactant molecule first is cleaved into a polyethylene glycol (PEG) and a fatty acid moiety, the latter being degraded faster than the former (21, 32) . A similar primary cleavage into a PEG and a fatty acid moiety in the absence of molecular oxygen is hard to imagine; however, it has been postulated (31) . Pure cultures of PEG-degrading anaerobes also grew with some nonionic surfactants, but the extent of degradation and the fate of the lipophilic moieties were not examined (12, 30) .
Complete anaerobic degradation of LAE was proven in experiments with an anaerobic fixed-bed reactor (37) . In these experiments, propionate was always found as a fermentation intermediate and by-product. However, the only pure cultures of PEG-fermenting anaerobes existing so far do not produce propionate (12, 30 (25) . Purity was checked by microscopic examination and by growth tests in complex medium (AC medium; Difco Laboratories, Detroit, Mich.).
Medium and growth conditions. All growth experiments were performed in defined, bicarbonate-buffered, sulfidereduced mineral medium as described previously (29, 38) . Trace element solution SL 9 (36) and vitamin solution (25) were added to the complete autoclaved medium after cooling. The pH was 7.2 to 7.4. Growth was followed in 20-ml tubes in a Bausch & Lomb Spectronic 70 spectrophotometer. All organic substrates were added from sterile stock solutions before inoculation.
Chemical analyses. Sulfide was analyzed by the methylene blue method (7) . Formation of nitrite from nitrate was assayed by azo dye formation with sulfanilic acid and a-naphthylamine. Alcohols, volatile fatty acids, methylated long-chain fatty acids (24) , acetaldehyde, and methane were assayed by gas chromatography as described previously (29) . Nonionic surfactants and PEG were determined as described previously (34) .
DNA base composition. The guanine-plus-cytosine content of the DNA was determined by the thermal denaturation method (9) after extraction by the method of Marmur (23 Characterization of strain KoB35. Strain KoB35 is a gramnegative, nonsporeforming, motile, straight rod, with a tnean size of 0.5 by 1.6 ,um (Fig. la) . The DNA guanine-pluscytosine content was 58.6 + 1.0 mol%. The only substrates degraded in pure culture were lactate, diethylene glycol (Di-EG), Tri-EG, PEG 400, PEG 1,000, 2-ethoxyethanol, Brij 35, and Brij 58 (Table 2) . Lactate, 2-ethoxyethanol, PEG 400, and PEG 1,000 were fermented stoichiometrically to acetate and propionate according to the following fermentation equations ( Characterization of strain KoB58. Strain KoB58 is a grampositive, nonsporeforming, motile, straight rod, with a mean size of 0.6 by 2.0 ,um and slightly pointed ends (Fig. lb) (10, 14, 16, 17) . The gram-positive strain KoB58 appeared to withstand more fatty acids than the gram-negative strain KoB35. This might have selected for the two different types of PEG-fermenting bacteria with the two surfactants applied, which differ mainly in the fatty acid moiety.
Methanogenic enrichment cultures with laurate as the sole carbon and energy source were also able to ferment caprylate and palmitate. The bacteria involved in this syntrophic fatty acid degradation may be similar to those described and isolated by other researchers (26, 27) . Complete methanogenic degradation of LAE is possible, therefore, and involves a series of at least four different metabolic types of anaerobes. This was proven in recent studies on LAE degradation in fixed-bed reactors (37) .
Unlike LAE, alkyl phenolethoxylate degradation under aerobic and anaerobic conditions leads to the formation and accumulation of toxic alkyl phenols which appear not to be degraded any further under either condition (15, 33) . Degradation of PPG and PPG-containing surfactants appears to be even more difficult. No degradation at all was found under anaerobic conditions in the present study, which is in agreement with other observations (12) . Only slow and incomplete degradation in the presence of oxygen was reported (19) .
The pathway of anaerobic PEG degradation has not yet been elucidated sufficiently. Unlike aerobic PEG degradation, which apparently involves a primary oxidation and a lyase reaction (18, 20) , anaerobic degradation releases acetaldehyde as the first identifiable product (11, 12, 35) . The initial reaction is probably a hydroxyl group exchange reaction analogous to that of diol dehydratase (1, 3) ; however, the responsible enzyme could not be found in a cell-free assay (35) . Such a degradation can only proceed from a free terminal hydroxyl group, and indeed it was found that EG and PEGs masked at the terminal hydroxyl functions were not degraded (30, 35 ; this study). This observation is of major importance for anaerobic degradation of nonionic surfactants. Contrary to aerobic decomposition and to a published assumption (31) , anaerobic degradation has to proceed from the free PEG end, releasing stepwise C2 units until the lipophilic moiety is reached (Fig. 2) . Since evidence obtained in our laboratory with P. venetianus suggests that this degradation occurs inside the cell (35) , anaerobic degradation of nonionic surfactants requires transport of the surfactant molecule into the cell and export of the lipophilic residue back out. These transport problems necessarily restrict the range of detergent degradation in the absence of oxygen. It must still be proven whether this concept is also true for the new strains described in this paper; results obtained with other anaerobic bacteria favor PEG degradation outside the cell (12) .
Both new isolates differ from each other and from described species of PEG-fermenting bacteria by the manner in which the primarily formed acetaldehyde residue is further fermented. Strain KoB58 is a typical homoacetogenic bacterium which oxidizes acetaldehyde to acetate and forms further acetate by reduction of CO2. It resembles in its physiological and cytological properties, including the DNA guanine-plus-cytosine content, the described species of the genus Acetobacterium, namely, A. woodii (2), A. wieringae (5) , and A. carbinolicum (13) . None of these species, however, was able to grow with PEG (A. Strass and B. Schink, unpublished data).
Strain KoB35 ferments the acetaldehyde residue to acetate and propionate in a manner similar to that of Desulfobulbus propionicus and Pelobacter propionicus (22, 28 
